Purpose: We conceived a 2-stage heating method to dissolve the ingredients of magnetic resonance (MR) imaging phantoms to overcome issues of uneven quality in conventional MR imaging phantoms, and we evaluated uniformity and the reproducibility of our method.
Introduction
Phantom measurement is essential for various magnetic resonance (MR) imaging applications, such as testing of equipment performance, correction of image quality and contrast, evaluation of new pulse sequences, adjustment of operational conditions, technical training of operators, simulation of speciˆc organ visualization, and for use in various studies. A human tissue-equivalent phantom is also useful in evaluating safety. In experimental MR imaging research, result reliability depends on the phantom used. A human tissueequivalent MR imaging phantom requires: 1) human tissue-equivalent relaxation time; 2) human tissue-equivalent electrical conductivity; 3) uniform relaxation time and electrical conductivity over the entire phantom; 4) shape-retaining strength without reinforcement; 5) capacity to be shaped into forms similar to those of human organs; 6) easy preparation; and 7) no deterioration of quality over a long period. Magnetic Resonance in Medical Sciences liquid or gels. Liquid phantoms include aqueous solutions of paramagnetic ions, such as CuSO4 and NiSO4. 1, 2 Gel phantoms include polysaccharide gels, such as agarose and agar; [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] protein gels, such as gelatin; [16] [17] [18] [19] polyvinyl alcohol (PVA) gels; [20] [21] [22] [23] polyacrylamide gels; [24] [25] [26] and silicone gels. 27 Liquid phantoms containing paramagnetic ions are typically used to evaluate equipment performance, but liquid phantoms are not human tissue-equivalent and cannot retain their shapes without use of a container. When polysaccharide gels or protein gels are used to prepare a tissue-equivalent phantom with a long T2 relaxation time, the density becomes too low to maintain satisfactory strength. Preparation of PVA, polyacrylamide, or silicone gels is timeconsuming and costly, and their sizes and shapes cannot be easily changed.
We developed an MR imaging phantom containing carrageenan, agarose gadolinium chloride, and sodium chloride, which we called a``CAGN phantom'', [28] [29] [30] [31] that overcomes the above shortcomings. We conducted basic experiments with small amounts of phantom material, but for clinical applications, a larger phantom was desired.
In this study, we prepared a cylindrical muscleequivalent phantom measuring 160 mmq×100 mmh, which is applicable for MR imaging using a head coil. Prior to this study, the dissolution of carrageenan and agarose powders, which are primary phantom materials, were tested using a bath of either hot water or hot saline solution to reach high temperatures. However, the temperature of the solution in a stainless steel container did not reach dissolution temperature, so dissolution was uneven. Dissolution using a glass container heated using an infrared heater produced a scorched sample, and dissolution was poor after placing a glass container in an oil bath at constant temperature because of the low thermal conductivity of the glass container. Although the thermal conductivity of stainless steel containers is better than that of glass containers, elution of metal ions from the containers was anticipated during heating at high temperatures.
In this study, to achieve higher temperatures inside the container and avoid scorching of phantom materials, we used a silicone oil bath with an enamel-coated porcelain container, and we evaluated the quality and stability of this method.
Materials and Methods

Equipment
To prepare the phantom, we used: an oil bath (BOA310: Yamato Scientiˆc Co., Ltd., Tokyo, Japan); silicone oil (SRX310: Toray, Tokyo, Japan); a stirrer (NZ-1200: Tokyo Rikakikai Co., Ltd., Tokyo, Japan), and an enamel-coated porcelain container (columnar shape, 160-mm diameter, 3-liter capacity) (Fig. 1) .
For measurement, we used: an electromagnetic balance (GX-2000: A&D Co., Ltd., Tokyo, Japan); an electronic balance (CP34001P: Sartorius AG, Germany); a digital thermometer (TM-305: A.S. One Co., Ltd., Sendai, Japan); an optical microscope (Axiophoto FL: Carl Zeiss Inc., Germany); a CCD camera (HC-200: Fujiˆlm Co., Tokyo, Japan); MR equipment (1.5T Magnetom Vision: Siemens, Erlangen, Germany); a CP-head coil; and image analysis software (Image J: National Insti-tutes of Health [NIH], USA).
Phantom materials
1. Phantom components. The phantom was composed of carrageenan (ˆxed at 3z) (KC-200S: Chuo Kasei Co., Ltd., Osaka, Japan) as a gelling agent; GdCl3 (Katayama Chemical, Osaka, Japan) as a T1 modiˆer; agarose (Type 1, #A-6013: Sigma Chemical Corp., St. Louis, MO, USA) as a T2 modiˆer; NaCl (Katayama Chemical, Osaka, Japan) as an electrical conductivity modiˆer; NaN3 (ˆxed at 0.03z) (Katayama Chemical, Osaka, Japan) as an antiseptic; and distilled water.
2. Calculation of components for a 2-L muscleequivalent phantom. For MR imaging, the recognized relaxation times and electrical properties of the muscle in a 1.5T unit have been: T1 value, 867 ms; T2 value, 47 ms; and electrical conductivity, 0.688 S/m. 31 The corresponding values for our phantom components were determined based on the literature 31 and included 3z carrageenan, 38.7 mmol/kg GdCl3, 1.413z agarose, 0.277z NaCl, 0.03z NaN3, and distilled water. To prepare a 2,000-g muscle-equivalent phantom, then, we used 60 g of carrageenan, 7.75 g of GdCl3, 28.26 g of agarose, 5.53 g of NaCl, 0.6 g of NaN3, and 1,897.86 g of water. These components were dissolved and then solidiˆed into a columnar-shaped gel measuring 160 mmq×100 mmh.
Experimental Methods
Production of phantom
We made a columnar muscle-equivalent phantom of 160 mmq×100 mmh as follows:
1. Temperature of materials. According to the literature, 32, 33 agarose dissolves at 90-1009 C and gels at 409 C, whereas carrageenan dissolves at 709 C or higher and gels at 609 C. In our preliminary experiments, we conˆrmed that when the temperature inside the container was lower than 1009 C, the dissolution of agarose was poor, and insoluble clusters occurred. In this study, to ensure that the temperature inside the container reached 1009 C, we dissolved the agarose using an oil bath.
2. Temperature of oil bath and heating time. We investigated the relationship between the temperature of the oil bath and that inside the container. We mixed all components for the muscle-equivalent phantom and poured them into the container, set the oil bath temperature to either 120 or 1409 C, and placed the container into the bath at a room temperature of 25±19 C. We measured the temperature inside the container using a digital thermometer. From the data obtained, we made temperaturetime curves that indicated the time necessary to raise the temperature in the container to 1009 C.
3. Direct dissolution method. First, we placed a container with water of room temperature into a hot oil bath. When the water started to boil, we put all powder components of the phantom into the boiling water and stirred at 120 rpm using a stirrer. The solution was then naturally cooled to allow degassing and solidiˆcation into gel.
4. Two-stage heating method using pre-soaked materials. One day before the experiment, we placed powdered carrageenan; agarose containing GdCl3; NaCl; and NaN3 into distilled water of room temperature to soak and swell. The swollen components were heated and dissolved on the day of experiment.
The 2-stage heating procedure consisted of initially placing an enamel-coated porcelain container with swollen agarose into an oil bath at 1409 C and stirring the agarose solution at 120 rpm. Heating continued for 30 min, while the temperature inside the container reached 100.09 C. We then added the swollen carrageenan to the agarose solution, which reduced the temperature inside the container, and continued stirring for another 30 min. After a total of 60 min heating, the solution was allowed to solidify into a gel by natural cooling.
Evaluation of phantoms (direct dissolution versus 2-stage heating method using pre-soaked materials):
1. MR imaging evaluation. We evaluated the phantoms using MR imaging with the spin-echo (SE) and gradient-echo (GRE) methods at room temperature of 25±19 C and parameters generally applied for clinical imaging of the head using a head coil. SE parameters were: repetition time/ echo time (TR/TE)＝450 ms/14 ms; ‰ip angle＝ 709 ; slice thickness＝10 mm; transverse orientation; matrix＝512×512;ˆeld of view (FOV)＝220 mm; number of excitations (NEX)＝2; band width ＝89 Hz/pixel; and scan time＝7 min 44 s. GRE parameters were: TR/TE＝450 ms/15 ms, ‰ip angle＝159 , slice thickness＝10 mm, transverse orientation, matrix＝512×511, FOV＝220 mm, NEX＝ 2, bandwidth＝78 Hz/pixel, and scan time＝7 min 42 s.
2. Microscopic evaluation. To observe the dissolution state, we observed 1.5-mm-thick slices of the phantom using an optical microscope at 50-times magniˆcation.
Evaluation of reproducibility in a 2-stage heating method using pre-soaked materials:
To conˆrm the reproducibility of the phantom production method, we prepared 2 phantoms (Phantoms 1 and 2) on separate days. We made these phantoms by combining the post-swelling dissolution and the 2-stage heating methods. Because water evaporation causes weight loss during phantom preparation, we added 200 g of water beforehand to achieve a phantom weighing 2,000 g. 2. Uniformity. We measured phantom uniformity according to the method of the National Electrical Manufacturers Association (NEMA). 34 In addition to the subject columnar phantoms, we used another spherical-shaped phantom (diameter, 170 mm) containing aqueous nickel sulfate solution as a control to measure uniformity. For evaluation, we placed an ROI with an area of 141.9 cm 2 on SE-MR images and measured the maximum (Smax) and minimum (Smin) pixel values in the ROI. We detemined the span (D) by the formula (SmaxSmin)/2 and the median value (S), by (Smax＋ Smin)/2. Uniformity (U) was determined by the formula±100×(D/S) [z] . Imaging conditions for the SE method were: TR/TE＝500 ms/15 ms, ‰ip angle＝909 , slice thickness＝5 mm, transverse orientation, matrix＝256×256, FOV＝180 mm, NEX ＝1, bandwidth＝130 Hz/pixel, and scan time＝2 min 11 s.
3. Bubbles. We evaluated bubbles in the phantom based on the number of bubble pixels on GRE-MR images. The GRE method is considered sensitive to diŠerences in magnetic susceptibility. We imaged a columnar-shaped region (diameter 60 mm) in the center of the phantom, and the section was continuously sliced into 20 images of 3-mm thickness without gaps. One slice of the phantom (diameter 160 mm) contained approximately 109,000 pixels. The obtained image data were digitized using``Image J'' software, and areas of low signal intensity (black color) containing 5 pixels or more were regarded as bubbles.
Imaging parameters for measuring bubbles were: TR/TE＝640 ms/15 ms, ‰ip angle＝159 , slice thickness＝3 mm, number of slices＝20, slice gap＝gap-less, transverse orientation, matrix＝512×512, FOV＝220 mm, NEX＝2, bandwidth＝78 Hz/pixel, and scan time＝10 min 56 s.
Statistical examination:
We used unpaired Student's t-test to evaluate property diŠerences between phantoms based on the mean and standard deviation for each ROI iǹ`E 
Results
Production of phantom 1. Temperature and heating time. Figure 3 shows the temperature rise inside the container when the temperature of the oil bath was set at 120 or 1409 C. When the temperature of the bath was set at 1209 C, the temperature inside the container was 99.89 C, even 60 min after the start of heating. When the temperature of the oil bath was set at 140 9 C, the temperature inside the container reached 100.09 C within 30 min after the start of heating.
2. Direct dissolution method. MR images of the phantoms prepared by the direct dissolution method are shown in Fig. 4 . On the SE image (Fig. 4a) , we saw numerous spots of low concentration with (Fig. 4b) , we saw numerous spots of low concentration with diameters approximately 5 mm. Figure 5 shows an optical micrograph of the phantom. We observed numerous clusters caused by poor dissolution.
3. Two-stage heating method using pre-soaked materials. Figure 6 shows MR images of the phantom prepared by combining the post-swelling dissolution and the 2-stage heating methods. On the SE image (Fig. 6a) , no bubbles were observed in the phantom. On the GRE image (Fig. 6b) , however, 2 or 3 bubbles of approximately 1 mm were seen. Figure 7 shows an optical micrograph of the phantom. No clusters were observed.
Phantom properties in a 2-stage heating method using pre-soaked materials:
The resultant weights of the 2 columnar-shaped phantoms were 1993.8 g (Phantom 1) and 2016.5 g (Phantom 2) (mean weight, 2005.2±11.3 g).
1. T1 and T2 values of MR imaging. To evaluate the reproducibility of phantom preparation, we compared variations in the T1 and T2 values in Phantoms 1 and 2. Tables 1 and 2 show the T1 and Fig. 2 . Table 3 shows the means and standard deviations of T1 and T2 values measured in 2 phantoms. The T1 value of the muscle reported in the literature is 867 ms, and the T2 value is 47 ms. 31 The measured values in Phantom 1 were T1＝921.1±33.8 ms (mean±standard deviation) and T2＝55.3±1.0 ms, while those for Phantom 2 were T1＝911.7±26.7 ms and T2＝55.1±1.5 ms. Deviations from the values in the literature were approximately 5z for 2. Uniformity. Table 4 shows the measured indices for uniformity as described in``Experimental Methods: 2. Uniformity.'' Phantoms 1 and 2 show roughly the same uniformity values (U＝25z). The spherical-shaped NiSO4 phantom containing aqueous solution had more uniform values than the gel phantoms (U＝11z).
3. Bubbles. Table 5 shows the average number of pixels occupied by bubbles in an MR imaging slice in 3 scan orientations. Phantom 1 had 5.1± 7.4 pixels/slice and Phantom 2, 5.0±8.5 pixels/ slice. Based on Mann-Whitney's U test, there was no signiˆcant diŠerence in the number of pixels occupied by bubbles between the 2 phantoms (P＝ 0.9760).
Discussion
In the CAGN phantom we developed, we used 2 gelling materials as the solidifying agent and T2 value modiˆer. As a result, T1 and T2 values equivalent to various human tissues that have high elasticity can be reproduced with the CAGN phantom. In addition, the CAGN phantom is safe for use because carrageenan, a solidifying agent, has also been used in foods. Thus, the CAGN phantom satises the requirements for human tissue-equivalent MR imaging phantoms. [28] [29] [30] [31] However, the research reported has primarily comprised basic experiments using small phantoms, and the properties of larger phantoms necessary for clinical applications have not been reported. In this study, we produced and investigated the properties of columnar muscle-equivalent phantoms measuring 160 mmq ×100 mmh, which is suitable for scanning with a head coil.
Preparation of phantom
In our preliminary experiments, we dissolved carrageenan and agarose powders in a bath of either hot water or hot salt water. However, dissolution was poor because the temperature inside the container was inadequate for the agarose powder to dissolve completely. Although its dissolution temperature has been reported to be 90-1009 C, 32 our study results indicated that agarose does not dissolve completely at temperatures slightly below 100.09 C. We could raise the temperature of the agarose mixture to 1009 C by directly heating its container with a hotplate, but this scorched the gelling agent in contact with the internal surface of the container. To avoid scorching, we also attempted heating the agarose mixture using a transparent glass container heated with an infrared hotplate. Although this reduced scorching somewhat, some scorching occurred as a result of the inhomogeneity of temperature in the glass container.
In this study, we conceived the use of an oil bath for reliably raising the temperature inside the container to 1009 C. When silicone oil is used, the oil bath temperature can be increased above 2709 C. However, when the temperature of silicone oil becomes too high, the diŠerence in temperatures between the oil and the mixture in the container may cause a serious problem, such as sudden spout-ing of the oil from condensed water vapor mixing with the oil. Furthermore, heating silicone oil to 1509 C or above may generate and evaporate toxic gas. Thus, it is necessary to control the temperature of the oil bath to raise the temperature inside the phantom container to 1009 C in a short time while maintaining a minimal temperature diŠerence between the inside and outside of the container. Therefore, we elected the oil bath temperature at 1209 C and 1409 C in our investigation. We used an enamel-coated porcelain container to avoid the dissolution of metal ions and maximize heat conduction. The capacity of the container was 3 liters to produce a phantom of 2 liters (160 mmq×100 mmh). When the temperature of the oil bath was set at 1209 C, temperature inside the phantom container did not reach 1009 C, even after heating for 60 min. When the temperature of the oil bath was set at 1409 C, the temperature inside the phantom container reached 100.09 C within 30 min. Therefore, we considered 1409 C as the optimum oil bath temperature.
With regard to the dissolution of agarose, we compared the outcomes of direct dissolution (using powder-form ingredients) and 2-stage heating with pre-soaked materials (post-swelling dissolution using liquid-form ingredients, soaking them in water overnight). Using the direct dissolution method, we observed numerous agar clusters and bubbles on MR images and optical micrographs, indicating poor dissolution. Placing a mixture of agarose and carrageenan powder into the hot water generated numerous masses with gelatinous surfaces. Highconcentration gelˆlms on the surfaces of these masses prevented water from penetrating into the masses, which resulted in poor dissolution. It is also likely that bubbles within the masses caused insu‹cient bubble elimination. Therefore, the agarose and carrageenan were each soaked in water and swollen one day before dissolution, which helped avoid clustering. However, numerous bubbles generated by boiling remained in the phantom, trapped in the solution as a result of its high viscosity. In addition, the solution sometimes bubbled over into the high-temperature oil bath and steam vaporized. Complete dissolution of agarose required heating the solution to 1009 C, but this increased viscosity and generated bubbles. This problem was resolved by introducing the 2-stage heating method using an oil bath.
It has been known that the dissolution temperature of agarose is 90-1009 C, and its gelling temperature is 409 C. However, the results of this study indicated that the temperature for complete dissolution of agarose is 100.09 C, which is very di‹cult to achieve. On the other hand, the dissolution temperature of carrageenan is about 709 C, and its gelling temperature is 609 C. 32, 33 Therefore, we devised a 2-stage heating method in which agarose was completely dissolved at 100.09 C and carrageenan was then added. With these considerations, we boiled the agarose solution in the enamel-coated porcelain container for 30 min and dissolved it completely using the oil bath at 1409 C, then added water containing swollen carrageenan at room temperature. After a total of 60 min heating and stirring, complete dissolution and degassing were achieved.
We previously tried degassing using a vacuum pump, vacuum container, and plate heater to eliminate bubbles. However, the temperature of the solution dropped with this method; in addition, bubbles in the phantom were thought to be due to steam rather than air. Thus, we decided not to employ such a method.
On MR images and optical micrographs, we observed no clusters from poor dissolution in the phantoms prepared by the 2-stage heating method using pre-soaked materials. Carrageenan gel has been known to become brittle after prolonged heating, but in the 2-stage heating method, carrageenan is added later, thus minimizing duration of heating and retaining material stability. With MR imaging, we observed no bubbles on SE images but a number of small bubbles on GRE images. We used GRE to detect bubbles because of its sensitivity to diŠer-ences in magnetic susceptibility. At approximately 1009 C, agarose and carrageenan are in a sol state with low viscosity. However, the gelation temperature of carrageenan is 609 C, which is relatively high. With natural cooling, the viscosity of the solution increases as temperature decreases, and small bubbles would remain in the phantom.
Properties of phantoms with 2-stage heating method using pre-soaked materials
We made two 2-liter muscle-equivalent phantoms on separate days by combining the post-swelling dissolution method with the 2-stage heating method. Because of weight loss of solution by evaporation during heating, we adjusted the amount of water to make a phantom weighing 2,000 g.
We evaluated the 2 phantoms by MR imaging. There were no signiˆcant diŠerences in T1 and T2 values (Table 3) ; uniformities (U) were similar (Table 4) ; and there was no signiˆcant diŠerence in the amount of bubbles between the 2 phantoms (Table 5 ). Both phantoms had mean bubble amounts of fewer than 10 pixels/slice. Our preparation method for clinically suitable phantoms is considered optimum for uniformity and reproduci-bility.
Comparing the relaxation times between the muscle tissue-equivalent portion of our phantom and those of reported clinical data in the literature, the prepared phantoms had approximately 5z higher T1 values and 17z higher T2 values. This would result from deterioration of GdCl3 over time. Our preliminary experiment results showed that a GdCl3 solution tended to degenerate over time. A drawback of our study was that the maximum size of the MR imaging phantom was limited by the size of the oil bath (293 mm×340 mm×270 mm).
In SE sequence, although a ‰ip angle of 90 degrees is generally used as a parameter for MR imaging, we used a ‰ip angle of 70 degrees, which has been used for clinical evaluation in our institution. In GRE sequence, we applied parameters we use for detecting hemorrhagic lesions. Using the clinical scanning parameters, we could clearly observe the diŠerence in uniformity between the direct dissolution (lack of uniformity) and 2-stage heating (uniformity) methods; thus we employed the parameters for clinical evaluation.
In the present study, which considers the clinical utilization of an MR imaging phantom, we employed the parameters used in our institution for detecting cerebral hemorrhage to evaluate the ratio of bubbles in the phantom. Although the magnetic susceptibility in the regions of bubbles and that in hemorrhage are diŠerent, MR imaging evaluation is frequently applied for such case.
In recent years, stent therapy with non-magnetic metals has become increasingly common. MR imaging is often performed on patients having implanted stents. The image artifacts caused by nonmagnetic metals on MR imaging are minor in comparison with those caused by magnetic metals; however, because the stents conduct electricity, variable magneticˆelds induce electric currents at a stent. The present phantom is thus considered useful for investigating how MR image quality is aŠected by such electric currents because its conductivity can be adjusted according to experimental requirements.
Conclusion
Optimum heating preparation for uniform and reproducible phantoms was achieved by combining the post-swelling dissolution and the 2-stage heating methods with a silicone oil bath. Future applications of a human tissue-equivalent MR imaging phantom, our CAGN phantom, produced by our method, can serve investigations of MR imaging phenomena that cannot be performed on the human body.
